The thermal and mechanical properties of a new negative photoresist, SU8, were characterized. The influence of curing conditions, such as baking temperature, baking time and UV dosage, on the thermal and mechanical properties of the resultant coatings was studied in detail. It was found that the glass-transition temperature (T g ) of the coatings was coincident with the baking temperature over the temperature range of 25
Introduction
SU8 is an epoxy-based resist that was first developed by IBM in 1989 [1, 2] . It is designed specifically for ultra-thick, highaspect-ratio micro-electrical mechanical system (MEM)-type applications. Several important properties of SU8 make it suitable for such applications. First of all, the material has a low molecular weight enabling it to be dissolved in a variety of organic solvents to form highly concentrated solutions (72%-85% solids by weight) [3] . Ultra-thick coatings can be easily formed by a multi-spinning process. Secondly, the absorption for SU8 in the UV spectrum is very low, thus allowing the patterning of thick coatings. It is well known that if the optical absorption of a photoresist is too high, even high doses of UV light will fail to penetrate a thick resist layer to generate clean, sharp images [4] . Thirdly, since the resist has high functionality, a high degree of cross-linking can be obtained, permitting a high aspect ratio and straight sidewall to be achieved in lithographic applications. Also because of the high functionality, the resist has high chemical and thermal resistance as well as good mechanical properties. The reported glass-transition temperature (T g ) is over 200
• C and the decomposition temperature (T d ) is about 380
• C for fully cured SU8 [5] . The excellent mechanical properties of this material make it capable of providing structure and support for microstructures. Finally, SU8 is non-conductive and thus can be used as a dielectric in electroplating. Many new MEMS devices, including micro-molds [3] and 3D micro-fabrication [6] , which were previously not possible to fabricate, can now be fabricated using SU8. Photo-structures up to 1200 µm thick with an aspect ratio of greater than 18 are obtained by a double coating process [7] . SU8 is not only used for masking and pattern transfer, but is also directly used as a polymeric material from which to fabricate micro-mechanical components [7] .
However, the properties of SU8 are very sensitive to the processing conditions. A wide variation in values for the processing parameters has been reported [5] [6] [7] [8] [9] [10] [11] . Eyre determined the optimum processing conditions of SU8 by Taguchi techniques. Five variables, soft-baking time, exposure time, post-exposure bake (PEB) time, develop time and different substrates, were tested. The quality characteristics to be optimized included sidewall profile, film adherence and line space resolution. Optimized processing conditions for films having a thickness of 50 µm, 100 µm and 220 µm were obtained [4] . To our knowledge, only a few studies had been undertaken to determine the thermal and mechanical properties of SU8. Lorenz determined the bi-axial elastic modulus and the thermal expansion coefficient (TEC) by measuring the bow response of a 20 µm thick resist layer on both Al and Si substrates subjected to thermal cycling ( T = 75
• C) [8] . He also measured the friction coefficient µ on a pin-on-disc installation, with a disc rotation of 10 rpm and a load of 10 g, yielding a µ value of 0.19. A modulus of elasticity in tension of 4.02 GPa was measured by tensile testing [9] . So far, no data on the thickness direction properties had ever been reported. The material is usually treated as isotropic in all three directions, because it is too difficult to measure the properties in the thickness direction. However, since an in-plane stress as large as 15 MPa can be created during the baking processing [7] , the material properties will likely not be identical in the thickness and planer directions.
The object of this study is to fully characterize the thermal and mechanical properties of the SU8 coatings processed under different conditions. The effects of three important processing parameters, thermal baking time, thermal baking temperature and the UV exposure dose to the thermal and mechanical properties, are evaluated in this paper. The relationship between properties and processing conditions can be utilized to optimize the processing conditions to obtain high quality SU8 coatings.
Experimental details

Materials
The 63% XP SU-8 25 photoresist used in this study is a commercially available product of MicroChem Corporation. It is a solution of SU8 epoxy in gamma butyrolactone with a viscosity of 2483 cst. The third component is a photoacid generator, triaryl sulfonium salt in propylene carbonate solvent. The chemical structure of the SU8 epoxy is shown in figure 1. There are eight epoxy groups in each molecule on average, so it is named 'SU8', and the functionality of the molecules is eight.
Processing
The processing procedure includes spin coating, pre-exposure baking (soft-baking), UV exposure, post-exposure baking (PEB) and hard-baking (HB). In order to study the properties of the bulk material, the resultant coatings needed to be removed from the substrate. A silicon wafer covered with a Kapton film was used as the substrate in this study. The resultant SU8 coatings formed after UV exposure could be easily peeled from the Kapton layer with the absence of chemical etching. The purpose of the soft-baking is to remove the solvent from the resist layer after spin coating. The UV exposure was performed using an OAI UV exposure equipment provided by Hewlett-Packard Company, which has very little heating side effect during exposure. The films formed after exposure were soft and easy to handle, and could be cut into the desired shape for tensile tests and holography measurements. PEB and HB were performed in a vacuum oven or in the sample chamber of a thermal-mechanical analyzer (TMA). The resultant coating had a thickness of around 130 µm.
Characterization
Tensile tests.
The flexible films formed after UV exposure were peeled from the substrate and cut into 70 × 5 mm ribbons by a sharp blade. A vacuum oven was then used to further post-exposure bake and hard bake the samples under specified conditions. An Instron tensile tester Model 5564 with a 1 kN load cell was used to perform the tensile tests. The crosshead speed was 5 mm min −1 . Several specimens were tested for each processing condition and the average value was reported.
Thermal analysis.
A TA Instruments TMA 2940 was used to measure the dimensional stability and the in-plane TEC (α 1 ) of the material. A ribbon sample with dimensions of 25 × 5 mm was baked at the desired conditions in the sample chamber. A small force 0.01 N was applied to the sample to prevent wrinkling when the dimension of the samples was measured as a function of temperature. A heating rate of 5
• C min −1 was used during the heating scan. A nitrogen purge of 60 ml min −1 was applied to inhibit oxidation during heating. α 1 was calculated from data obtained from the second heating or the first cooling scan since the first heating scan included information about the thermal and stress history of the material.
The volumetric TEC (α v ) was obtained by PVT measurement and the out-of-plane TEC (α 2 ) was then calculated from the equation α 2 = α v − 2α 1 . About 1 g of SU8 film was stacked and placed into the rigid sample cell. The void space was filled with mercury. The temperature of the sample was measured by a thermocouple and controlled by a heating jacket, and the pressure was controlled by an Enerpac P-2282 hand pump. The change in sample volume was detected by the movement of a linear-variable-differential transformer (LVDT), which was connected with a bellows at the bottom of the sample cell [12] . The isothermal PVT measurements were done over a temperature range of 30
• C-150
• C, with the pressure changed from 10 MPa to 60 MPa at intervals of 5 MPa.
The calorimetric properties of the material were studied using a TA Instruments Differential Scanning Calorimeter (DSC 2910). All the measurements were carried out with a heating rate of 10
• C min −1 under a nitrogen purge. Thermal degradation and weight loss studies were carried out using a TA Instruments Thermogravimtric Analyzer (TGA 2950). The temperature range covered from room temperature to 1000
• C using a heating rate of 10
All the experiments were performed under the protection of a nitrogen purge.
The T g of the samples was measured using a Rheometric Scientific DMTA IV system. Samples with dimensions of 10 × 5 mm, processed under different conditions, were tested in an oscillatory tensile mode by scanning from −25
• C to 350
• C at a rate of 5
• C min −1 and a frequency of 1 Hz. Loss tangent, which is the ratio between the loss modulus and the storage modulus, is plotted against temperature, and the α peak of the plot is usually taken as the T g of the material.
Residual stress measurement.
The residual stress was measured using a real-time vibrational holographic interferometry technique developed in our research laboratory [13, 14] . The stress was determined from the resonant frequencies of a tensioned membrane sample. The method provided excellent measurements of stress and did not depend upon any material property other than density. SU8 films, after UV exposure, were glued onto circular steel washers and then baked at 95
• C for specified periods of time. The samples were allowed to relax completely before testing. A standard salt solution system was used to generate the required relative humidity for the humidity sensitivity tests. Helium gas was bubbled through the solution and purged the holography sample chamber, thereby exposing the samples to the desired humidity.
Results and discussion
Tensile properties
The flexible films formed after UV exposure become harder and much more fragile after PEB and HB. Table 1 shows the change in tensile properties of the material after being baked at 95
• C (PEB) and 200
• C (HB) for different periods of time. The samples before PEB are much more ductile than the baked samples with elongation as high as 30%. However, the elongation dropped to 7.5% after being exposed to air for 24 h due to the evaporation of solvent. Typical stress-strain curves for SU8 at different stages of processing are shown in figure 2. Pronounced effects are observed on the tensile properties of the material after PEB. As shown in figure 3 , the SEM images of the fractured end at different processing stages confirmed the ductile to fragile transition of the material after thermal baking. The material changes from a linear oligomer to a cross-linked network structure during thermal curing. Hardbaking does not cause any obvious improvement in the tensile properties evaluated. Figure 4 shows the effect of PEB time on the mechanical properties of the material. The modulus and strength-at-break increased initially, but reached a plateau when the PEB time is over 20 min. The cross-linking reactions are only active when the baking temperature is higher than the T g of the material. Since the T g of the material increases as the cross-linking reactions occur, the reactions will slow down and essentially stop when the T g of the material becomes close to the baking temperature, and so does the alteration of the tensile properties. Figure 5 shows the tensile properties of SU8 baked for 20 min at different temperatures. The modulus and strengthat-break improve dramatically when the baking temperature is changed from 65
• C to 120
• C, but no obvious improvement is observed when the baking temperature is further increased. The resultant coating changes color after being baked at a temperature higher than 200
• C, although the decomposition temperature (5% weight loss) of the material measured by TGA is much higher than that temperature. Obviously, the decomposition occurs at a lower temperature upon exposure to air. The elongation at break of the material experiences a sharp drop in the temperature range of 25
• C-100
• C, which is coincident with the dramatic improvement of the modulus and the strength-at-break.
Another factor that can influence the tensile properties of the resultant coatings is the UV dose used in the exposure step. Figure 6 shows the influence of UV dose on the tensile properties of the films after being baked at 95
• C for 30 min. The properties are improved dramatically when the UV dose is below 1.0 J cm −2 and then reach a plateau after that dosage level. The photo-acid generator in the resist system absorbs photons and produces a strong acid when being exposed to UV light. The strong acid acts as the catalyst for the cross-linking reaction during the later PEB and HB steps. The reaction rate of the cross-link reaction relates with the concentration of the catalyst, which is decided by the UV dosage. The plateau in figure 5 may indicate a saturation of the photo-chemical transformation when the UV dose is above 1.0 J cm −2 although this value should depend upon the thickness of the film.
Thermal properties
The thermal degradation behavior of SU8 is studied by TGA. Figure 7 illustrates the typical TGA curve for the material. The y-axis has been shifted The temperature for which the material experiences a 5% weight loss is found to be higher than 300
• C and has a char yield of about 28% after being baked at 95
• C. Figure 8 shows the DSC curves for SU8 at different stages of processing. A large exothermal peak appears in the temperature range of 50
• C-230 • C before thermal baking. This peak is related to the cross-linking reaction occurring during the heating scan. The disappearance of the exothermal peak after hard-baking indicates the completion of the crosslinking reaction under this condition.
Glass-transition behavior
Due to the large exothermal peak in the DSC curve, it is difficult to detect the T g of the material by DSC. Therefore, DMTA is used to study the glass-transition behavior. Figure 9 shows the DMTA test results of the coating before thermal baking. The glass-transition temperature is 49.5
• C, which is very close to the reported value of 50
• C [5] . SU8 coatings formed after a 1 J cm −2 UV exposure are baked at the desired temperatures for 20 min in the TMA chamber in order to have precise control of the thermal history. Figure 10 shows the relationship between the baking temperature and the T g of the resultant coatings. For samples prepared under the experimental conditions, the T g and the baking temperature are nearly identical when the baking temperature is below 220
• C. However, there is an increasing deviation between T g and the baking temperature at high temperature range. A material baked at 300
• C has a T g of only 238
• C. It appears that the completion of the cross-linking yields the maximum T g obtainable with SU8.
The T g can increase gradually when the material is baked for a longer time at constant temperature. As shown in figure 11 , the T g of the coating increases to 118
• C when it is baked at 95
• C for 360 min, but the increase in T g slows down considerably after being baked for 30 min. This agrees well with the tensile test results. Cross-link reaction happens when the energy received by the photoinitiator is high enough and The y-axis has been shifted Samples were baked at the desired temperature for 20 minutes the baking temperature is higher than the T g of SU8. The T g of the coating gets near the baking temperature after being baked for 30 min; therefore, the reaction slows down and eventually stops, and the mechanical properties reach a plateau after 30 min as shown in figure 4 . Another phenomenon observed in the DMTA plots is the extreme broadness of the loss tangent, which may be considered as a result of the inhomogeneity in the local composition and the heterogeneous network structure of the cured photoresist. Another factor influencing the glass-transition behavior of SU8 is the UV dosage used in the exposure step. As shown in figure 12 , the tan δ for coatings before PEB exhibits a single and symmetric peak at around 40
• C, which moves to higher temperatures as the UV dosage increases. When the UV dose is higher than 2 J cm −2 , a shoulder appears approximately at 60
• C, and the shoulder becomes more pronounced as the UV dosage is further increased. The splitting of the α peak may be caused by the heating effect during the UV exposure. Although the lithographic UV exposure equipment used in this study is supposed to have little heating effect, there is still some thermal curing during the UV exposure, especially at high UV dosages. Therefore, the material is partly cross-linked and has an inhomogeneous local composition, which can result in splitting of the α peak. Controversially, for coatings after thermal baking (at 95
• C for 20 min), a split α peak is observed for samples being exposed to low UV dosage, while the peak becomes more symmetric when the UV dosage reaches 4 J cm −2 . An explanation for this phenomenon is that the cross-link reaction rate is related to the concentration of the acid catalyst created during UV exposure. At low UV dosage, only part of the photo-acid generator can change to acid and the concentration of the catalyst is low, so the cross-link reaction is slow. Therefore, the composition of coating being exposed to higher UV dosage is more homogeneous than that of coatings being exposed to low UV dosage.
Dimensional stability
The dimensional stability of the material is studied by TMA, and figure 13 shows the dimensional change versus temperature plots for samples after being baked for 20 min at different temperatures. The shrinkage occurred at a temperature slightly higher than the T g of the coating. It was believed that the shrinkage was caused by the relieving of the stored strain in the coating, which developed during the dimensionally constrained cure of the material [13] . However, that the cross-linking reaction occurred when the baking temperature exceeded the T g should be another important reason for the shrinkage observed on those plots. It was also found that the shrinkage temperature, which was taken as the peak temperature of the dimension versus temperature curve, had a good linear relationship with the baking temperature. Under the experimental conditions, the peak temperature was about 1.16 times the baking temperature as shown in figure 14 . Similar to the glass-transition behavior, the peak temperature also shifted to a higher temperature when being baked for a longer time as shown in figure 15 . In figure 16 , the dimensional change with temperature during a curing cycle is recorded. The shrinkage that occurred during PEB or HB was mainly caused by the cross-linking reactions. Obviously, the polymerization took place continuously during the thermal curing process. The in-plane TEC, α 1 , of the material was calculated from the cooling scan data, and the value was 102 ppm • C −1 for samples after being hard baked at 200
• C for 10 min. = 2α 1 + α 2 , the bulk compressibility (κ) and the α v can be obtained by this measurement. Figure 18 provides the bulk compressibility of SU8 at different temperatures. The bulk compressibility of the material increases almost linearly with temperature in the experimental temperature range. As shown in figure 19 , the α v at 1 atm is obtained by extraplotting and
Therefore, the TEC in the out-of-plane direction, α 2 , is The out-of-plane TEC is more than twice the in-plane TEC value. It should also be pointed out that the volumetric properties, including the bulk compressibility and the volumetric TEC, are not sensitive to the processing conditions.
The moisture absorption of the material
Due to the mismatch of the TEC between the polymeric coating and the substrate, and also due to the dimensional change caused by polymerization, high residual stress exists in the coating system after processing. Vibrational holographic interferometry is used to measure the residual stress. The residual stress in a circular membrane sample as a function of the resonant frequencies can be expressed by [14, 15] 
where R is the radius of the circular sample (m), ρ is the density of the sample (kg m −3 ), f ni is the resonant frequency of vibration (Hz) and Z ni is the ith zero of nth order of Bessel function.
As shown in figure 20 , the residual stress can be influenced by the processing conditions. After being baked for 30 min at 95
• C, the residual stress in the coating is about 12 MPa, and a residual stress of 30 MPa is measured for coating after being baked at the same temperature for 5 h.
By measuring the stress change in the membrane sample after being exposed to different humidity, the moisture absorption of the material is also studied. The stress is found to be sensitive to the environmental humidity change. The stress drops to zero when the environmental humidity reaches 81% for the membrane sample being baked for 30 min only. The moisture absorption of SU8 is also related to the cross-link density of the coating. After being baked for 5 h, the material sample becomes less sensitive to humidity due to the increase of the cross-link density. It should also be pointed out that unlike most of the other factors studied in this paper, the response of the material to humidity is completely reversible, and the stress can recover to the original state upon drying.
Conclusion
The molecules of SU8 cross-linked and formed a network structure during thermal baking, and the material transferred from ductile to brittle during the process. The tensile properties changed rapidly at the beginning of the baking, but reached a plateau when the T g of the material became close to the baking temperature. For coatings being baked for 20 min, the tensile properties showed a step-like change with baking temperature. The mechanical properties changed dramatically around 100
• C, and then slowed down when the baking temperature reached 150
• C. UV dosage affected the tensile properties of the material significantly when the dosage was below the saturation point of 1 J cm −2 . Under the experimental conditions, the material began to shrink at approximately 1.16 times the baking temperature. The shrinkage occurred at a higher temperature for coatings being baked for a longer period of time. The out-of-plane TEC, which was 253 ppm
• C −1
, was more than twice the inplane TEC. The T g and the shrinkage temperature showed very similar behavior with the process history. Another interesting phenomenon observed under the experimental conditions was that the T g of the coatings was very close to the baking temperature in the range of 50
• C-220 • C. When the ultimate T g T g ∞ , which was about 238
• C, was reached, the T g stopped increasing with the baking temperature. The glasstransition behavior of the material was also affected by the UV dose in the exposure step. The effect of the UV dose on the glass-transition behavior of SU8 was very different for samples before and after thermal baking. The material degraded at a temperature higher than 340
• C with a char yield of about 20-30% for all the studied processing conditions.
The residual stress formed during the curing process was sensitive to the environmental humidity but completely reversible. Baking for longer time could decrease the sensitivity of the material to the environmental humidity due to the high cross-linking density.
